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ABSTRACT

On SKYLAB, a combination microwave radar-radiometer (S193) made measurements from which the winds
near the sea surface could be inferred. The analysis of the measurements showed that the wind speed
could be computed from the radar measurements with
at least the accuracy of the wind speed that would
have been reported by a weather ship at the time
and location of the radar measurement. The impact
of this remote sensing capability will be realized
in 1978 with the launch of SEASAT-A, which will
carry operational versions of active and passive
microwave sensors that will be able to measure both
wind speed and direction. Global over ocean routine vector wind measurements should significantly
improve the specification of the surface wind and
indirectly the surface pressure over the oceans,
determine the intensity and structure of tropical
cyclones and contribute to improved accuracy of
numerical weather forecasting models applied to
both the tropics and extratropical atmosphere.

INTRODUCTION

Since the launch of the first U.S. meteorological
satellite in April, 1960, the meteorological satellite program has progressed rapidly. The original
vidicon camera systems were replaced by improved
camera systems and then by low, medium and high resolution visible and infrared radiometers. Recently
added have been multichannel infrared radiometers
(VTPR) that provide quantitative atmospheric temperature profiles on an operational basis.
The current NOAA operational satellite system conconsists of satellites in near earth polar orbits
(the NOAA series) and in geo'stationery orbits (the
GOES series). The former provide twice a day
global visible and infrared coverage along with
temperature profiles from the earth's surface in
clear skies and above cloud tops elsewhere. The

latter provide continuous viewing; of the Western
Hemisphere in the visible and infrared and limited
wind measurements inferred from cloud motions in
the lower and upper troposphere over parts of the
Atlantic and Pacific Oceans. The NOAA and GEOS
satellites are supplemented by data from the U.S.
Air Force Defense Meteorological Satellite Program
(DMSP) and by NASA experimental satellites such as
the NIMBUS series. The NIMBUS 5 satellite carried
an electrically scanning microwave radiometer (ESMR)
that sensed microwave radiation at a wavelength of
1.55-cm and that was able to map sea ice through
cloud cover and measure rainfall Intensity over the
oceans.
There' can be no question, but that the data provided
by the meteorological satellite system to date has
had a profound effect on, the science. The data
have been used in literally thousands of studies.
Climatological studies of cloud, snow, and ice cover
have revealed new features of the global general
circulation and of the earth-atmosphere heat budget
and have contributed to a better understanding of
the earth's climate and its changes. The satellite
data has made possible operational global monitoring of sea surface temperature and sea ice cover
and have been quite successful in the detection and
tracking of tropical cyclones.
With regard to short range weather forecasting the
impact of satellite data is more difficult to assess. Modern forecasting of weather has been assigned increasingly to dynamical models solved
numerically in an objective automated procedure on
large computers. Numerical weather prediction is
an initial value problem and what the models require typically is a specification of the atmospheric pressure, wind, temperature and humidity
from the earth's surface through the stratosphere
and on a grid of points in the horizontal domain
that resolves scales of hundreds of kilometers.
Prior to the development of VTPR, satellite data
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were ill suited to this specification and appear to
have had little impact on numerical weather forecasting.
On the other hand, the sounding data provide readily
useable temperature data of value in improving the
initial value specification for numerical forecasting. In fact, with an important exception, the
sounding data are the equivalent of a radiosonde report. The exception refers to the fact that the
surface atmospheric pressure is not determined and
this introduces considerable error in the use of the
sounding data to compute the distribution of atmospheric pressure as a function of height.
It does not appear to be possible to sense remotely
surface atmospheric pressure directly, however it
can be retrieved from measurements of wind in the
boundary layer over the ocean (1). The combined
radar-radiometer on Skylab served as a proof of concept test of the capability to sense remotely surface winds over the ocean. This paper describes that
test and the implications of the availability of
routine global ocean wind measurements from a quasioperational satellite.

THE SKYLAB S193 EXPERIMENT
SKYLAB was launched in May, 1973 into a near earth
orbit and was subsequently occupied during three
manned periods between May 1973 and February 1974.
In addition to many other experiments, SKYLAB carried
a suite of instruments in its earth resources experiment package to study the land and ocean and
that contained the instrument of interest here - a
radar scatterometer/radiometer called S193.

surements made at cells corresponding to different
nadir angles. This last mode was capable of scanning regions of the ocean of the dimensions of tropical cyclones and substantial portions of extratropical cyclones.
The acquisition of over ocean data with S193 in the
first manned period (SL2) was hampered by the power
supply limitation on SKYLAB caused by the failure
of one solar panel to deploy and the loss of the
other. Nevertheless, a pass over hurricane AVA was
made in the CTNC mode and two passes in the ITNC
mode were made over the Gulf of Mexico. In the
second manned period, SL3, a nominal CTNC pass was
made over tropical storm Christine along with several passes over the North Atlantic and Pacific in
both the ITNC and CNTC modes. The scanning mechanism for the antenna was damaged at the end of the
second manned period but was repaired at the beginning of the third manned period, SL4, in such a
way that only the CTNC mode could be used.
During the experiment a total of 26 passes yielded
useful data. During SL2 and SL3 there were a total
of 1563 backscatter measurements and 700 passive
microwave measurements on the three larger nadir
angles and 1113 backscatter measurements at the two
smallest nadir angles. In SL4 there were a total
of 1927 backscatter measurements at the three higher
nadir angles representing about 482 separate cells
on the sea surface, making a total number of useful
cells scanned by S193 of about 830 for all manned
periods combined. Passive microwave measurements
could not be used in SL 4 because of a damaged
antenna feed.

S193 was a scanning pencil beam combination radar
and passive microwave receiver operated at 13.9 GHz.
(wavelength 2.16 cm). It could be operated as an
altimeter, but for the experiment described here, it
was operated as a scatterometer/radiometer with its
antenna scanned in a variety of modes. The two
modes used for most of the experiment were called
the intrack non-contiguous (ITNG) and the cross
track non-contiguous mode (CTNC). In these modes
the antenna was pointed at nominal angle corresponding to nadir angles of 50°, 40°, 30°, 15° and
0 . For each antenna position at these five angles,
six measurements were made, four backs cat ter measurements for four possible polarization combinations, and two passive microwave measurements for
vertical and horizontal polarizations. In the intrack mode, as the antenna cycled through the five
different angles, the sequences were chosen so that
all measurements would be obtained at the same spot
on the sea surface. In the CTNC mode, the antenna
could be pointed to the left, right or both left and
right of the track resulting in a checkerboard
pattern of cells on the surface with the six mea-

SUPPORTING PROGRAMS
Various prior and concurrent research programs have
contributed to the proof of concept experiment.
Most significant have been microwave measurement
programs involving aircraft, the development of
theories of radar sea return and of the natural
microwave emissivity of the sea surface and research
programs to develop ways to specify the vector wind
stress and wind profile in the marine boundary layer.
Aircraft Programs. For several years active and
passive microwave measurements have been made over
the sea from aircraft in programs carried out by
NASA and other federal agencies. The most recent
experiments have generally supported a greater than
linear increase of scattering coefficient with wind
speed at incidence angles between 25° and 65° (2)
and an approximately linear variation of brightness temperature with wind speed at near vertical
incidence angles (3)
An instrument similar to S193 has been operated on
an aircraft in NASA f s Advanced Application Flight
Experiment (AAFE) program, with flights conducted
prior to the launch of SKYLAB and concurrently
beneath SKYLAB when S193 operated. A particularly
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important result was obtained by pointing the radar
antenna straight down for level flight and then banking the aircraft to a bank of 30° and flying around
in tight circles many times. Figure (1) is a plot
of the data obtained in these circle flights for various wind speeds. The curves reveal a property of
radar backscatter that was not fully realized at the
start of the experiment - that is, that backscatter
is quite dependent on wind direction as well as wind
speed. The data show that upwind return is stronger
than downwind and that crosswind is much lower than
either upwind or downwind for the same wind speed.
The AAFE program is continuing and radar measurements at even higher winds have been made recently.

proximately with the logarithm of height at a rate
that depends upon the wind stress and the thermal
stratification of the air.
To reflect the basic wave-wind stress relationship
and to control the variability introduced by this
variation of wind speed with height and stability,
all winds referred to herein whether derived from
measurements or modelled are defined as the wind
that would have been measured at an elevation of
19.5 meters above the sea surface in a neutrally
stratified atmosphere and related to the wind stress
using a particular surface boundary layer model (7).
Extensive plans were made before SKYLAB to obtain
special wind measurements at cells scanned by S193
by employing low flying aircraft and having the International fleet of fixed weather ships in the
Atlantic and Pacific ocean make special wind observations whenever an S193 pass over the ship was
planned. However, it was realized before the experiment that such special observations would be
available for only a small subset of all cells
scanned, and in fact of the nearly 830 cells scanned,
only 8 were accompanied by special wind observations,
a number obviously to few to evaluate S193 as a wind
sensor. Therefore, techniques that had been developed in prior progroms were used to specify the
winds in the marine surface layer.

Radar Sea Retrun Theory. The theoretical understanding of radar backscatter as a function of the
vector wind stress on the sea surface depends upon
the behavior of very short waves on the sea surface
as a function of the wind stress. Wright (4) was
one of the first to realize the connection and
applied a Bragg scattering model to the radar backscatter problem.
According to the simplest Bragg scattering theory (5)
backscatter involves only the spectrum of the waves
evaluated at a specific value of the vector wave
number spectrum where the vector component has the
value 2k sin 9 as evaluated in the direction of the
pointing vector of the electromagnetic wave, where
k is the wavenumber of the electromagnetic wave and
0 is the nadir angle. For 13.9 GHz radio waves, the
radio wavelength is 2.15 cm, and for a 30° nadir
angle, it is therefore important to know about the
spectrum of waves with lengths near these values, the
so called capillary waves.
Great progress has been made in recent years both in
extending simple Bragg scattering models and in gaining a better understanding of the dependence of the
vector wave number spectrum of capillary waves on the
vector wind stress. A theory of radar sea return
has been developed (6) that models nearly all the observed effects of incidence angle (at large incidence
angles) polarization and wind speed and direction in
terms of the wind speed dependent anisotropic high
frequency gravity and capillary wave spectrum and the
tilting effect of wave slopes associated with lower
frequency gravity waves.
Specification of the Wind Field. The short waves on
the sea surface that are mainly responsible for the
variation in backscatter are related to and almost
always in equilibrium with the local wind stress at
the sea surface. Unfortunately, this is a difficult
quantity to measure at sea. Moreover, typical user
requirements specified in terms of winds measured at
typical anemometer heights. The relationship between the wind stress and the wind in the lower 50
meters or so of the marine boundary layer can be described by a so called surface boundary layer model.
Typically in this layer wind speed increases ap-

One of the techniques available had been developed
as part of a program for forecasting hurricane waves
in the Gulf of Mexico (8). That study made use of
special pressure and wind and wave measurements made
at several offshore oil rigs in the Gulf of Mexico
in several hurricanes. Those measurements and conventional wind and pressure measurements made by reconnaissance aircraft were used to develop and calibrate a numerical model of the horizontal wind distribution in the boundary layer of a moving vortex.
It was found that the model could provide an accurate definition of the surface wind field in
hurricanes from a small number of parameters: namely,
the eye pressure, radius to maximum winds and the
storm motion. Those parameters are usually well defined on the basis of regular aircraft reconnaissance.
Timely reconnaissance flights into the two tropical
cyclones scanned by S193, intense hurricane AVA
and tropical storm Christine, enabled the application of the wind model to a specification of the
surface winds in each storm. Figure 2 shows the
pattern of cells scanned by S193 in the CTNC mode
over AVA and the pattern of wind speed and direction as derived from the hurricane wind model in
the zone of high winds and from a subjective analysis
of conventional ships weather report on the periphery
of the storm. The model solution for Christine is
shown in Figure 3, and the values of surface wind
at the cells scanned is compared qualitatively to the
measured backscatter in Figure 4.
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The withheld analyses were applied to reports from
the North Atlantic ocean 30 hours apart beginning
on July 15, 1973 and ending on February 2, 1974.
For each analysis, up to eight weather ship reports
could be available as withheld data for comparison
with the analyzed wind interpolated to the
position of the weather ship. For this study, the
standard weather ship six hourly synoptic wind
report was used. This kind of report which is
usually based upon a one-minute average of the
wind speed and direction is still subject to error
introduced by the variability of the wind.
Special tabulated one-minute average winds over
20 minute periods made at certain weather ships
during the SKYIAB period were used to estimate
this variability and the error in the standard
weather ship reports. The result was used to
partition the errors in the withheld data set
comparison with the results shown in Table I.

With the exception of two passes over light winds in
the Gulf of Mexico and one pass over a tropical
wave in the Atlantic, the winds for all other passes
were specified by the application of a computer based
objective technique for the analysis of the surface
winds over the entire Northern Hemisphere Oceans.
This technique which goes back to Cardone (1969) was
initially developed to improve on extratropical numerical wave forecasting techniques, which are extremely sensitive to a correct analysis of the surface wind field.
Briefly, the method applies a boundary layer model
to ship observations of wind, pressure, sea temperature and air temperature to produce an anlaysis
of the vector stress of the wind on the sea surface,
the vector wind at 19.5 meters above the sea surface
and a measure of atmospheric stability. The method
has been tested extensively in the development of
numerical wave prediction models and in other applications by others (9) (10).
The accuracy of the technique is limited basically by
the coverage and accuracy of the ships weather observations that provide the basic input. Ship reports are not distributed homogeneously in space and
time with most reports concentrated geographically
in the shipping lanes and temporally in the favorable daylight synoptic reporting times. The individual reports however, are of varying quality.
The weather ships that man the permanent ocean
stations provide the best reports. Wind reports
from transient ships with anemometers are poorer
in quality while reports from ships that use the
Beaufort system of visually estimating the wind
speed and direction from the appearance of the sea
are usually the least accurate and most difficult
to interpret. In the analysis procedure, grid points
within one grid spacing (~ 190 km) of reporting
ships had their wind values set by using the above
types of ships in descending order of priority.
There were also points in the analyses where the
winds were computed from the pressure gradients.
Part way through the analysis of the S193 data,
the question of how good the winds provided by the
objective analysis technique were arose. To
answer the question, a withheld data analysis of a
set of wind fields was carried out using the same
procedures that were used to specify the winds at
the S193 cells. That is, the wind fields were
first calculated for the North Atlantic Ocean with
the weather ships included in the data base. Then
the weather ships were removed from the data base,
the winds were to be recomputed, and the category
of ship reports, if any, that influenced the grid
points near the weather ship was noted.

The errors in Table I are stratified by wind speed
and type of report, with all reports from transient
ship grouped together. The errors in the analyzed
winds are large and imply large errors in both
wind speed and direction. The error structure
shown is apparently characteristic of the well
travelled portions of the North Atlantic. The
errors are probably much larger for vast regions
of the world's ocean, particularly the Southern
oceans. Despite the large errors in the so-called
"surface truth" it was still possible to evaluate
S193 as a wind sensor as described below.

S193 AS AN ANEMOMETER
With a specification of the vector wind as
described in a previous section, it was possible
to merge the S193 data set with the surface truth.
Before the S193 data were correlated with the
wind data, however, the passive measurements were
used to correct the radar measurements for
attenuation effects as the radar beam propagated
through the atmosphere and through clouds and
rain drops to the sea surface and back, and to
detect areas of heavy precipitation that would
cause backscatter strong enough to mask the return
from the sea surface. This correction could not be
applied to data from the third manned period. For
this purpose theories (e.g. 11, 12) and measurements (13) were used to develop an algorithm to
calculate the attenuation of the radar given the
apparent microwave temperature measurements at 50°,
a nadir angle at which the effect of the wind
induced roughness itself on the passive measurement is small. For ITNC cells, the attenuation
calculations could be applied to all nadir angles
while for CTNC cells it was only applied at the
50° cells. The magnitude of the correction turned
out to be quite small; for SL 2/3, the minimum
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value was 0.07 db, the maximum 0.62 db and the
average value 0.20 db. Thus, the inability to
apply attenuation corrections to the SL 4 data
introduced only a small additional error.

This approach, assumes that the wind direction
given by the meteorological analysis is correct,
and assigns all error effects to the differences
between the magnitudes of the meteorological wind
and the radar wind* One of the four methods
(method 6) , started from the equivalent upwind
analysis, obtained the desired function and then.
corrected the magnitudes of the ftinds by an
additional quadratic fit. The relationships
computed by this method for vertical polarization
at 30° nadir angle for upwind, crosswind and
downwind and for SL 2/3 and SL 4 are shown in
Figure 6. For SL 4, downwind return is predicted.
to be down from upwind in essential agreement with
the results of the circle flight data, but upwind
and downwind return are similar. For SL 2/3, the
behavior of the curves is not in agreement with the
circle flights as the minimum return is shifted to
120° rather than 90° (crosswind). This behavior
may be due to the uneven distribution of wind
directions present in the SL 2/3 data set and to
the interaction of wind direction errors with
the regression model. The overall 5 db level
shift between SL 2/3 and SL 4 is believed due to
the damage to the antenna at the end of SL 2/3 and
attempts to recalibrate the instrument. Finally,
the inability of the regression model to predict
very light winds is considered to be an effort of
the regression analysis to fit the kind of sharp
decrease in capillary wave heights and the sudden
disappearance of backscatter implied by wave tank
measurements of capillary wave amplitude as a
function of wind stress at light winds (15).
Scatter plots showing the results of method 6 for
SL 4 for W polarization and all three larger
nadir angles are shown in Figures 7, 8, 9, 10, 11
stratified according to the type of surface truth
that categorized the analyzed wind at the
illuminated cell. The withheld weather ship
analysis described above enabled a rational
explanation of the scatter shown is such plots.
It made it possible to attempt to balance the
error budget given by

The passive measurements were more valuable in
detecting areas of heavy precipitation. Very
high excess temperatures indicative of heavy
precipitation were found in Hurricane Ava and
Tropical Storm Christine. Figure 5, for example,
for Christine locates some of the cells that are
marked in Figure 4 as locations of heavy rain and
for which the backscatter data were not used.
A correction to the radar data was also applied to
account for the fact that the nadir angles for
the five command angles were not always the same.
So that data sets corresponding to each nominal
nadir angle could be studied as a unit, it was
necessary to remove small changes in backscatter
because of the departure of the nadir angles from
their nominal values. The correction procedure
was developed by Young (14) on the basis of the
theoretical backscatter model of Fung and Chan
and was only applied to data within 2° of nominal
nadir angles. Data outside this range were not
analyzed. The corrections were generally small,
with 70% between -0.25 and +0.25 db.
The analysis of the merged and corrected data set
had to account for the substantial dependence of
backscatter on wind direction known to exist on
the basis of the aircraft program described above.
Six different regression techniques were tried.
The first two, tried by Young (14) in fact used
regression fits to the AAFE circle flight data
(e.g. Figure 1) to modify the backscatter measurements to that expected for upwind conditions. An
example of the result of one of these techniques
is shown in Table II. Clearly, the simple power
law regression shown for upwind conditions does
a creditable job of predicting the magnitude of
the vector wind from a radar measurement when the
wind speed is verified against the meteorologically obtained surface truth. The problem
with this approach, however, is that the meteorological vector wind was used to get a result
that was then used to predict the wind speed.

(ur -uT )
e(ur -uT )

The remaining four regression schemes used
avoided the step of correcting all backscatter
value to equivalent upwind by representing the
radar wind, Ur, as a function of the measured
(corrected) backscatter, or0 and azimuth angle
(a function of wind direction) \ as in

CD

where Um is the analyzed wind, Ur is the wind
predicted by the radar measurement, UT is the
true wind speed and where the expected value of
the difference Um - Ur

U-r = U r (a0 , X)

£(Um -U r) = 0
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SEASAT-A will be a quasi-operational satellite;
that is, all instruments except the imaging radar
will be operated continuously, the data stored on
board and then transmitted in near real time to
ground stations. The period of the orbit will be
100 minutes with the swaths contiguous at the
equator with a 36 hour period. Thus global data
coverage is planned and the major environmental
analysis and prediction centers of the U.S. Navy
and NOAA and planning to assimilate the data in
real time.

The withheld data analysis provided estimates of
the first term on the r.h.s. of (1) for different
wind speed ranges and different types of surface
truth as exemplified in Table I. The middle term
should be zero for this data set. The last term,
the radar error variance, was estimated by cross
comparing the wind estimates produced by different
polarizations at each cell. These were 1.9, 0.9
and 1.2 (knots2 ) for SL 2/3 and 6.1, 10.5 and 1.2
(knots3 ) for SL 4 for W, HH and HV/VH polarizations respectively. With this result it was
possible to show that for the data subsets for
which winds were specified by the extratropical
objective analysis that equation 1 balanced for
each wind speed range, polarization combination
and surface truth type for both the SL 2/3 and
SL 4 data sets, within the effects of sampling
variability, which were quite large for the sample
sizes present. To quote from the Final Report on
the S193 experiment (16), I!A conservative conclusion of the analysis is that the radar measurements are at least as accurate as having had a
Weather Ship near each of the cells scanned by
S193 and that the errors in the radar winds for
all winds greater than 7 knots may well be half
of that of the errors in analyses based on
weather ship reports."

IMPACT ON WEATHER FORECASTING
This section discusses two of the more obvious and
important implications of a world wide capability
in satellite surveillance of surface wind. The
first concerns the improvements in short range
(1-5 days) forecasts made by numerical weather
prediction models that would result from an
improved initial value specification of the
marine atmospheric boundary layer. The second
concerns the application of the new capability to
the analysis and prediction of tropical cyclones.
Extratropical Numerical Weather Prediction. Table
I in this paper reveals the errors characteristic
of current operational wind analyses in the
shipping lanes of the North Atlantic Ocean. As
noted, the errors are probably much larger and
become increasingly more systematic as one goes
from these regions to the North Pacific and
Indian Oceans and on to the Southern Oceans.
Precisely how this error propagates into errors
in numerical weather forecasts in the 1-5 day time
from over ocean and land areas is not well understood, but this error has combined with remaining
imperfections in numerical forecast model physics
to keep the range of useful forecast skill well
below the theoretical predictability limit of
about two weeks.

SEASAT A
S193 provided convincing evidence that winds over
the oceans can be sensed remotely. A spacecraft
called SEASAT-A will be launched in 1978 and will
carry the suite of instruments shown in Figure 12
(17). The scatterometer looks out to both sides
of the swath with narrow fan beams placed 45°
forward and aft. Thus as the spacecraft moves
past in orbit, cells on the sea surface will be
viewed twice from two different directions 90°
apart. This will allow the retrieval, albeit with
some ambiguity, of the direction as well as the
magnitude of the wind from the pair of backscatter
measurements (16).

One of the readily apparent ways to use the global
wind data is described in detail in (18) and
involves the use of the improved wind analysis in
the planetary boundary layer to define the surface
pressure reference level over the oceans that is
required to use indirect sounding data accurately
to specify the pressure distribution in the
mid and upper atmosphere.

The scanning five channel microwave radiometer on
SEASAT-A will serve not only to determine
atmosphere attenuation and detect areas of heavy
precipitation but should itself be able to
provide a measure of the magnitude of the wind.
Thus at least some wind information will be
available out to nearly 700 km either side of the
subsatellite track.

Until real data becomes available from SEASAT to
test ideas such as this, an effort is currently
underway at various centers in this country to
simulate the improvements in numerical weather
prediction to be expected when SEASAT-A becomes
operational. These studies typically use
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sophisticated numerical models of the atmosphere,
analogous to the operational numerical weather
forecast models, to simulate the atmosphere over
periods corresponding to weeks and months, to
simulate the error characteristic of conventional
meteorological observing systems and then to
assess the impact of one or more alternative
observation systems.
The results of one such study recently performed
at the NASA Goddard Institute for Space Studies in
New York is shown in Figure 13. In the study, a
global general circulation model was used to
simulate a 16 day period that served as the
reference atmosphere state for this experiment.
The reference state was used to simulate indirect
soundings that would have been made by two polar
orbiting satellites such as NIMBUS, with realistic
errors imposed on the simulated soundings. The
reference data were also used to simulate near
surface over ocean winds that would have been
measured by a fully operational SEASAT system
consisting of three satellites providing global
12 hour repeat coverage. The root mean square
errors imposed on the near surface winds were
±2 m/sec for the magnitude and ±15 for the
direction.
The run labelled control in Figure 13 shows the
ability of the indirect sounding data alone to
control the departure of the model atmosphere
generated from perturbed initial conditions from
the reference state. The error shown is
vertically averaged over the entire depth of the
model atmosphere. The run labelled SEASAT in
Figure 13 is the result of assimilation of both
simulated sounding data and surface layer wind
data. The reduction of error in this case is
substantial not only over the ocean but also over
downstream land areas. This is an encouraging
result and more realistic simulation studies of
this type are underway and are expected to lead
to the development of optimum techniques for the
assimilation of real satellite termed wind data
into numerical forecast models.

overlapping measurements could be used to locate
the cells that were uncontaminated by heavy rain,
With the surface vector1 wind distribution, around
the cyclone known,, the same theoretical model
could be used, to derive basic characteristics of
the cyclone sought by aircraft, such as eye
pressure, radius to maximum wind, maximum sustained surface winds and the areal extent of
hurricane and gale force winds* Indeed, after a
sufficient number of tests of this procedure with,
simultaneous aircraft data, the method may be used
on a routine basis to define the characteristics
of tropical cyclones world-wide*
The spacecraft data, should also impact tropical
cyclone forecasting. Recent experiments in
hurricane prediction with time dependent multilevel high resolution dynamical models applied to
the tropical atmosphere show great promise and
are already being tested on, a, quasi-operational
basis by NOAA. The success of the tests to data
suggest that the dynamical method may be able
soon to replace current, methods that rely mainly
on climatology and statistics.
The major problem confronting the, implementation
of the numerical, models is an, adequate specification of the initial conditions from the
typically very sparse data base characteristic
of the tropical and sub-tropical oceans. However,
recent simulation studies (19) have demonstrated
that wind observations in and around tropical
cyclones from near the surface would be quite
effective in controlling the growth of forecast
errors, and these are precisely the kind of
observations that SEASAT-A could provide.
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TABLE I

Estimates of the Errors of the Vector Wind for Weather Ships,
Transient Ships, and Synoptic Analyses for Various Wind Speed Ranges.

Wind Speed
Range
Knots

WEATHER SHIP
Total1 PAR2 PAR3 NORM* NORM5
VAR
VAR SD
VAR
SD

0-10

9

4.1

2

4.9

2.2

Total PAR
VAR VAR
18

TRANSIENT SHIP
PAR NORM NORM
SD
VAR
SD

Total PAR
VAR VAR

SYNOPTIC
PAR NORM
SD
VAR

NORM
SD

8.1

2.9

9.9

3.1

34.9 15.8

4

19 ..1

43.3 19.6

4.4

23.7

4,9

57.2 25.9

5.1

31.3

5.6

4.4

10 - 20

21.7

9.8

3.1

11.9

3.4

20 - 30

34

15.4

3.9

18.6

4.3

68

30.7

5.5

37.3

6.1

94.4 42,7

6.5

51.7

7.2

GT 30

79

35.7

6

43.2

6.6

158

71.5

8.5

86.5

9.3

223.6 101

10

122

11.1

1

Total variance (knots)

2

Component of 1 in direction of weather ship wind (knots2 )

3

Standard deviation of 2 (knots)

4

Component of 1 normal to weather ship wind (knots2 )

5

Standard deviation of 4 (knots)

Table II

50°

43°

32°

15°

Power law regression estimates of the parameter U in
the model U (in knots) = /? o^1 for SL 2/3.
Number of
01
Cases
RMSD
&

W
HH
VH
HV

82.87
102.5
137.2
140.9

0.4196
0.3748
0.3263
0.3318

124
121
110
114

5.5
5.2
4.4
4.4

W
HH
VH
HV

61.64
84.40
136.1
134.0

0.3881
0.4000
0.3414
0.340

134
133
126
127

5.2
4.9
4.1
4.2

W
HH
VH
HV

36.41
42.55
75.90
75.75

0.3594
0.3847
0.2881
0.2878

147
146
141

140

3.8
3.9
3.7
3.7

W
HH
VH
HV

11.82
12.16
279.8
206.4

0.6284
0.484
0.8778
0.7924

146
144
136
141

4.7
' 5.2
4.9
5.0

W
HH
VH
HV

373.2
529.3
4.250
3.571

134
140
136
136

4.7
4.7
4.7
4.2

-1.070
-1.182
-1.345
-1.533

3-15

<rv°v (db)
FIGURE 1

DATA FROM CIRCLE FLIGHTS WITH AAFE RAOSCAT

-5

-10

-15

-20

L/

00

• 15 m/sec
•• 6.5m/sec
x ° 3.0m/sec

-25

-30

'

o8P,ooo

1

1

•I80°-150°

I
-100°

0°

Upwind
it
i
50°
0°
-50°
AZIMUTH ANGLE

i
100°

i
i
150° 180°

COMPOSITE STREAMLINE
ISOTACH ANALYSIS FOR
HURRICANE AVA
JUNE 6, 1973

FIGURE

3-16

2

FIGURE 3 Theoretical hurricane boundary layer model solution for
the surface wind speed (isotachs in knots) and direction
(streamlines) in Tropical Storm Christine.

FIGURE 4

Comparison of uncorrected backscatter measurements in Christine and the vector
winds at the cells scanned.
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7

Radar wind versus analyzed wind in category A:
cell near ocean station weather ship.

radar

FIGURE 8

Radar wind versus analyzed wind in category B: radar
cell near transient ship with anemometer at known elevation.

FIGURE 9

Radar wind versus analyzed wind in category C: cell
near transient ship with anemometer at unknown height.

FIGURE 10

FIGURE 11
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Radar wind versus analyzed wind in category D: cell
near transient ship estimating wind from Beaufort system.

Radar wind versus analyzed wind in category +: cell
not near ship report, wind estimated from pressure field.
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